ABSTRACT: Peripheral stimulation and physical therapy can promote neurovascular plasticity and functional recovery after CNS disorders such as ischemic stroke. Using a rodent model of whisker-barrel cortex stroke, we have previously demonstrated that whisker activity promotes angiogenesis in the penumbra of the ischemic barrel cortex. This study explored the potential of increased peripheral activity to promote neurogenesis and neural progenitor migration toward the ischemic barrel cortex. Three days after focal barrel cortex ischemia in adult mice, whiskers were manually stimulated (15 min 3 3 times/day) to enhance afferent signals to the ischemic barrel cortex. 5-Bromo-2 0 -deoxyuridine (BrdU, i.p.) was administered once daily to label newborn cells. At 14 days after stroke, whisker stimulation significantly increased vascular endothelial growth factor and stromal-derived factor-1 expression in the penumbra. The whisker stimulation animals showed increased doublecortin (DCX) positive and DCX/BrdU-positive cells in the ipsilateral corpus of the white matter but no increase in BrdU-positive cells in the subventricular zone, suggesting a selective effect on neuroblast migration. Neurogenesis indicated by neuronal nuclear protein and BrdU double staining was also enhanced by whisker stimulation in the penumbra at 30 days after stroke. Local cerebral blood flow was better recovered in mice that received whisker stimulation. It is suggested that the enriched microenvironment created by specific peripheral stimulation increases regenerative responses in the postischemic brain and may benefit long-term functional recovery from ischemic stroke.
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INTRODUCTION
Ischemic stroke is a devastating injury caused by interruption of the blood supply to regions of the brain. In humans, this type of injury strongly correlates with paralysis, sensory deficits, impairments in learning and memory, high risk of dementia, and elevated incidence of depression (Asplund et al., 1998) ; however, there are limited effective therapies for the treatment of ischemic stroke (Alberts and Ovbiagele, 2007; Goldstein, 2007) . While triggering massive cell death in the ischemic region, cerebral ischemia also stimulates regenerative responses in the tissue adjacent and remote to the impaired area (Wei et al., 2003; Fan and Yang, 2007) . Recent evidence suggests that cerebral ischemia induces the proliferation of endogenous neural stem/progenitor cells in the subventricular zone (SVZ) (Jin et al., 2001; Tonchev et al., 2005) , and after stroke these SVZ cells migrate laterally toward the striatal ischemic boundary with distinct migratory behaviors and retained capacity for cell division (Zhang et al., 2007) . These neuroblasts in the striatum form elongated chain-like cell aggregates similar to those in the normal SVZ, and these chains were observed to be closely associated with thin astrocytic processes and blood vessels. The SVZderived neuroblasts differentiated into mature neurons in the striatum, expressing neuronal specific nuclear protein and forming synapses with neighboring striatal cells (Yamashita et al., 2006) . Taken together, these studies indicate the exciting possibility that some degree of tissue repair after stroke may be induced through endogenous neurogenesis (Wei et al., 2003) .
Angiogenesis is coupled with neurogenesis in the brain, and neurogenesis occurs within an angiogenic niche (Palmer et al., 2000) . The aggregation of neuroblasts around astrocytic processes and blood vessels (Fasolo et al., 2002) suggests that the blood vessels may play an important role in neuroblast migration to injured regions. One common thread that connects angiogenesis and neurogenesis is the vascular endothelial growth factor (VEGF), which was identified on the basis of its vascular effects, but has since been recognized as an important signaling molecule in neurogenesis as well (Jin et al., 2002; Wei et al., 2005) . Another link between angiogenesis and neurogenesis is that after angiogenic stimulation, endothelial cells secrete brain-derived neurotrophic factor (BDNF), which induces neurogenesis (Greenberg and Jin, 2005) .
The chemokine stromal cell-derived factor-1 (SDF-1, also known as CXCL12) is a constitutively expressed and inducible chemokine that regulates multiple physiological and pathological processes in the central nervous system (CNS) via interaction with its CXC chemokine receptor 4 (CXCR4) (Li and Ransohoff, 2008) . Extensive evidence supports the idea that the SDF-1/CXCR4 pathway plays an important role after cerebral ischemia, both in directing the migration of neuroblasts to lesioned sites (Ceradini et al., 2004; Shyu et al., 2008) , and in augmenting ischemic neovascularization in the damaged tissue (Yamaguchi et al., 2003; Hiasa et al., 2004) . Thus, SDF-1/CXCR4 signaling plays key roles in regenerative responses in the postischemic brain.
Peripheral stimulation and activity have significant ''use-dependent'' impacts on functional and morphologic alterations in the CNS and on outcomes of CNS disorders. Using the rodent model of focal ischemia in the whisker barrel cortex, we have previously shown postischemic endothelial cell proliferation and neurovascular remodeling in and around the ischemic barrel cortex. Enhanced whisker activity created an ''enriched environment'' that attenuated ischemia-induced endothelial cell death, increased the expression of angiogenic factors, promoted angiogenesis, and helped to restore local blood flow to the ischemic and penumbra regions (Whitaker et al., 2007) . In this investigation, we tested the hypothesis that in addition to its angiogenic action, the enriched environment of increased peripheral activity can also promote neuroblast migration and neurogenesis in the postischemic brain.
MATERIALS AND METHODS

Animals and Focal Ischemia of the Whisker-Barrel Cortex
Adult male 129S2/Sv mice weighing between 25 and 30 g and in the age range of 2.5-3 months were used in this study. The focal barrel cortex ischemic stroke was induced as previously described (Whitaker et al., 2007) . Briefly, animals were subjected to 4% chloral hydrate intraperitoneal (i.p.) anesthesia, and the right middle cerebral artery (MCA) supplying the barrel cortex, was permanently ligated by a 10-0 suture (Surgical Specialties, Reading, PA). This was accompanied by 10-min bilateral common carotid artery (CCA) ligation. During surgery and recovery periods, body temperature was monitored and maintained at 378C using a temperature control unit and heating pads. In sham-operated animals, the same procedure was performed without ligation of MCA and CCAs. Before and after the surgery, animals were housed in standard mice cages (27 cm 3 17 cm 3 13 cm), at 3-4 mice per cage. Animal had free access to food and water. They were sacrificed by decapitation 14 or 30 days after ischemic stroke. The brain was immediately removed and preserved in optimal cutting temperature compound (Sakura Finetek, Torrance, CA) at À808C for further processing. All animal experiments and surgery procedures were approved by the University Animal Research Committee and met the NIH standard.
Experimental Design
The design of the experiments is illustrated in Figure 1 . Three days after ischemia, mice were randomly divided into ischemic stroke-only group and stroke plus whisker stimulation group. For whisker stimulation, whiskers on the mouse's left face were swiped in a rostro-caudal direction using a stick for 15 min at about 140 strokes per minute, three times per day. During and after the stimulation, animals were allowed move freely in the cage and no anxious behavior was observed. To label proliferating cells, 5-bromo-2 0 -deoxyuridine (BrdU) (Sigma, St Louis, MO) was administered to all animals (50 mg/kg/day, intraperitoneal injection) beginning on Day 3 after ischemia and continued once daily until sacrifice.
Western Blot Analysis
The peri-infarct region was defined as previously described by a 500 lm boundary extending from the edge of the infarct core, medial, and lateral to the infarct (Ohab et al., 2006) . Tissue samples were taken from the peri-infarct region of the cortex and proteins were extracted by homogenization in protein lysis buffer (25 mM Tris-HCl (pH 7.4), 150 mM NaCl, 5 mM EDTA, 0.1% SDS, 2 mM sodium orthovanadate, 100 mM NaF, 1% Triton, leupeptin, aprotinin, and pepstatin). Tissue was centrifuged at 13,000 rpm for 20 min to pellet insoluble fraction and supernatant was collected. Protein concentration of each sample was determined using the Bicinchoninic Acid Assay (Sigma, St Louis, MO). Proteins from each sample (50 mg) were separated by SDS-polyacrylamide gel electrophoresis in a Hoefer Mini-Gel system (Amersham Biosciences, Piscataway, NJ) and transferred in the Hoefer Transfer Tank (Amersham Biosciences, Piscataway, NJ) to a PVDF membrane (BioRad, Hercules, CA). Membranes were blocked in 7% evaporated milk diluted in Tris-buffered saline containing 0.1% Tween 20 (TBS-T) at room temperature for at least 2 h, and then incubated overnight at 48C with one of the following primary antibodies: VEGF, BDNF, SDF-1 (1:500-1:4000; Santa Cruz Biotechnology, Santa Cruz, CA). Mouse b-actin antibody (Sigma) was used for protein loading control. After primary antibody incubation, membranes were washed with TBS-T and incubated with alkaline phosphatase-conjugated anti-mouse or anti-rabbit IgG antibodies (Promega, Madison, WI) for 2 h at room temperature. Finally, membranes were washed with TBST followed by three washes with TBS. The signal was detected by the addition of 5-bromo-4-chloro-3-indolylphosphate/nitroblue tetrazolium (BCIP/NBT) solution (Sigma), quantified, and analyzed by the imaging software ImageJ (NIH Image, USA) and Photoshop Professional (Adobes Photoshops CS 8.0, San Jose, CA). The intensity of each band was measured and subtracted by the background. The expression ratio of each target protein was then normalized against b-actin.
Immunohistochemistry and Cell Counting
Fresh frozen brains were sliced into coronal sections at 14-lm thick using a cryostat vibratome (Ultapro 5000, St Louis, MO). Immunohistochemistry was performed as previously described (Whitaker et al., 2007) . Primary antibodies used for single-or double-staining were as follows: rabbit anti-Glut-1 (1:1000; Chemicon, Temecula, CA) for endothelial cells, mouse anti-NeuN (1:400; Chemicon) for mature neurons, rat anti-BrdU (1:400; Abcam, Cambridge, UK) for cell proliferation, goat anti-doublecortin (DCX; 1:200; Santa Cruz Biotechnology) for migrating neuroblasts, and rabbit polyclonal anti-glial fibrillary acidic protein (GFAP; 1:500; Sigma) for astrocytes. Additional antibodies included mouse anti-SDF-1 (1:200; Santa Cruz Biotechnology), mouse anti-CXCR4 (1:200; Santa Cruz Biotechnology), rabbit anti-VEGFR2/Flk-1 (1:200; Chemicon) and, secondary antibody Alexa Fluor 488 anti-rabbit, anti-goat, anti-mouse IgG (1:200; Invitrogen, Carlsbad, CA), or Cy3-conjugated anti-rat, anti-rabbit IgG (1:1000; Figure 1 Experimental protocol outline. Adult mice were subjected to MCA/CAA ligations that induced focal ischemic stroke to the right sensorimotor cortex or sham operation. The gray circle represents the ischemic region including the barrel cortex in the right hemisphere. Three days after ischemia, all mice received BrdU injection (50 mg/kg/day, i.p.) and continued once daily until sacrifice. Ischemic mice were randomly divided into ischemic stroke-only group and stroke plus whisker stimulation group. For whisker stimulation group, whiskers on the left (contralateral) face were manually stimulated for 15 min, three times per day. Western blot and immunohistochemistry were performed 14 days after stroke to analyze proteins expression, cell proliferation, and neuroblast migration. Immunohistochemistry and laser Doppler scanner measurement were performed 30 days after stroke to test neurogenesis and local cerebral blood flow. Invitrogen). Staining was visualized by fluorescent and confocal microscopy (BX61; Olympus, Tokyo, Japan).
For systematic random sampling in design-based stereological cell counting, three coronal brain sections per mouse were selected, spaced 276 lm apart across the same region of interest in each animal (from bregma þ0.5 mm to bregma À0.5 mm). For multistage random sampling, four fields per brain section were randomly chosen in ischemic border region under 203 magnification of a light microscope or in confocal images. Neurogenesis in the ischemic border region was evaluated by counting the number of neuronal nuclear protein (NeuN)/BrdU-colabeled cells. BrdU-positive cells were counted in the SVZ of ischemic hemispheres. Neuroblast migration was evaluated by counting the number of DCX-positive and DCX/BrdUcolabeled cells in white matter between the SVZ and ischemic cortex. All counting assays were performed under blind condition.
Local Cerebral Blood Flow Measurement (LCBF)
Laser scanning imaging was used to measure LCBF as previously described (Li et al., 2007) at three time points: immediately before ligation, right after occlusion, and 30 days after ischemia. Briefly, under anesthesia, a crossing skin incision was made on the head to expose the whole skull. Laser scanning imaging measurements and analysis were performed using the PeriScans system and LDPIwin 2s (Perimed AB, Stockholm, Sweden) on the intact skull. The scanning region had a center point of ML þ4.1 mm, and the four edges of the infarct area were ML þ2.9 mm, ML þ5.3 mm, AP À1.5 mm, and AP þ2.0 mm, respectively. In laser scanning imaging, the ''single mode'' with medium resolution was used to scan the photo image of LCBF. The laser beam was pointed to the center of the ischemic core (ML þ4.1 mm, AP 0 mm), the scan range parameter was set up as 5 3 5 and the intensity was adjusted to 7.5-8.0. The conventional ''duplex mode'' was used to record the Doppler image with the laser beam pointed to exact the same point on the border of the stroke core (ML À0.5 mm, AP 0 mm). Corresponding areas in the contralateral hemisphere were similarly surveyed as internal controls.
Statistical Analysis
Multiple comparisons were performed using one-way analysis of variance (ANOVA) followed by LSD test for post hoc analysis. Changes were identified as significant if pvalue was less than 0.05. Mean values were reported together with the standard error of mean (SEM).
RESULTS
Whisker Stimulation Increased Expression of Neurovascular Regulatory Proteins in the Ischemic Barrel Cortex
In the ischemic peri-infarct region, expression of VEGF and key factors in neurogenesis and neuroblast migration, SDF-1 and BDNF, were analyzed using Western blot. In stroke-only mice, the protein level of VEGF was transiently increased at 7 days after stroke (data not shown), but returned to the basal level 14 days after stroke [ Fig. 2(A,C) ]. In stroke plus whisker stimulation animals, however, VEGF remained at higher levels, which is consistent with our previous observation (Whitaker et al., 2007) [ Fig. 2(A,C) ]. In the case of SDF-1 expression, there was also significant increase in whisker stimulation group compared with stroke-only and shamoperated groups [ Fig. 2(A,D) ]. Meanwhile, whisker stimulation showed a noticeable trend of increasing BDNF expression [ Fig. 2(A,B) ]. Immunohistochemical assessment revealed that SDF-1 immunoreactivity was mainly located in the infarct core and peri-infarct regions and, interestingly, SDF-1 expression was extended from the infarct core to the SVZ [ Fig. 3(A) ]. Confocal microscopy showed that most SDF-1-positive cells were also stained with Glut-1 or GFAP, suggesting they were vessel endothelial cells or astrocytes [ Fig. 3(B-D) ].
Whisker Stimulation Enhanced Neuroblast Migration After Barrel Cortex Ischemia
After focal ischemia, SVZ derived neural progenitor cells or neuroblasts tend to migrate toward the injured areas of the brain. Migrating cells can be identified by expression of the microtubule-associated protein doublecortin (DCX) (Couillard-Despres et al., 2005) . To determine the effect of whisker stimulation on neuroblast migration, we performed immunofluorescence double labeling of DCX and BrdU at 14 days after stroke. Large numbers of DCX-positive cells were interspersed in the white matter between ipsilateral SVZ and ischemic cortex after ischemia [ Fig.  4(A-C) ], whereas in the sham-operated group, DCXpositive cells were mainly located in SVZ. Whisker stimulation group showed a significant increase in the number of DCX-positive cells and these cells moved further away from SVZ compared with stroke-only group [ Fig. 4(B,D) ]. We observed about 50% of the DCX-positive cells were incorporated with BrdU, indicating the recent proliferative activity of these migrating cells. There were more DCX/BrdU-positive cells in mice that received stroke plus whisker stimulation than in stroke-only mice [ Fig. 4(E) ]. Although ischemia increased BrdU-positive cells in the ipsilateral SVZ, there was a trend of decrease of BrdU-positive cells in the ipsilateral SVZ in whisker stimulation group, which was consistent with the enhanced cell migration from SVZ (see Fig. 5 ).
Immunofluorescent double labeling for DCX and the SDF-1 receptor CXCR4, or DCX and VEGFR2 showed that both CXCR4 and VEGFR2 colocalized in DCX positive cells along the migration path (see Fig. 6 ).
Whisker Stimulation Enhanced Neurogenesis in the Ischemic Barrel Cortex
To determine whether newly generated neuroblasts differentiated into mature neurons in the peri-infarct region where they are needed for tissue repair, NeuN and BrdU were costained 30 days after stroke. In ischemic mice that received whisker stimulation, there was a much greater increase in the number of NeuN/ BrdU-positive cells compared with the stroke-only controls. No NeuN/BrdU-positive cells were detected in sham-operated mice (see Fig. 7 ).
Restoration of Local Cerebral Blood Flow in the Postischemic Cortex by Whisker Stimulation
Local blood flow recovery is needed to ensure sustained cell survival and tissue repair after stroke. The local cerebral blood flow was measured using Laser Doppler imaging at 30 days after stroke. We observed that whisker stimulation enhanced higher local blood flow compared with the stroke-only group. The level of recovered flow reached near normal level with whisker stimulation (see Fig. 8 ). 
DISCUSSION
We report in this investigation that peripheral stimulation targeting the ischemic cortex helps to recruit more endogenous neuroblasts from the SVZ to migrate to the lesioned barrel cortex, presumably mediated by increased SDF-1/CXCR4 signaling (Imitola et al., 2004; Sun et al., 2004; Ohab et al., 2006; Robin et al., 2006) . This effect combined with the increased VEGF expression and angiogenesis induced by whisker stimulation provide evidence that adequate peripheral activity as a means of physical therapy may benefit the postischemic tissue repair in the CNS.
The adult brain harbors two neuroproliferative zones, the SVZ and subgranular zone (SGZ), which Figure 3 SDF-1 expression in the ischemic penumbra region. SDF-1 expression was detected 14 days after ischemia using immunostaining. Glut-1 (green) and GFAP (blue) staining revealed microvessels and astrocytes, respectively. (A) SDF-1 (red) expression mainly located in the infarct core and ischemic boundary regions and extended to the SVZ. (B-E) Three-dimensional confocal image showed GFAP-positive astrocytes (B), Glut-1-positive microvessels (C), SDF-1-positive cells (D), and the merged image of SDF-1/Glut-1/GFAP (E). The colocalization suggested that much of SDF-1 expression was located in microvessels and astrocytes. SVZ: subventricular zone; CC, corpus callosum. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.] normally supply neural progenitors to the olfactory bulb and the dentate gyrus of the hippocampus, respectively. Cerebral ischemia alters this normal pattern of adult neurogenesis in two ways: it enhances cell proliferation within the SVZ and SGZ and evokes migration of neuroblasts into areas of damage Thored et al., 2006; Zhang et al., 2007) . Enhancing this post-stroke neurogenesis and cell migration is expected to promote tissue repair and improve functional outcomes of stroke (Zheng and Chen, 2007) . Peripheral stimuli and physical activity have significant ''use-dependent'' impacts on the morphological and functional alterations in the adult brain after stroke, the mechanisms of which have been shown to be associated with enhanced angiogenesis and neurogenesis. For example, exercise preconditioning ameliorates inflammatory responses and brain damage in ischemic rats (Ding et al., 2005) . Exposure to an enriched environment after focal cerebral ischemia resulted in enhanced proliferation of neural stem/progenitor cells and neurogenesis in SVZ and a better functional performance in a battery of sensorimotor tasks (Komitova et al., 2005) . Specific rehabilitative training of an impaired forelimb effectively stimulates dentate gyrus neurogenesis and improves spatial learning after focal cortical infarcts (Wurm et al., 2007) . Rehabilitative therapies, therefore, favor the reorganization in the peri-lesion tissue and contribute to the compensation and/or recovery of the impaired function. As shown in our previous study, whisker-barrel ischemia is an ideal rodent model for testing the use-dependent mechanism, hav- ing the advantages of the well-defined whisker-barrel sensorimotor pathway and feasible identification of corresponding morphological and functional changes (Whitaker et al., 2007) . Using the same animal model, this study showed that although the specific peripheral stimulation did not further increase the number of proliferating cells in the SVZ, it significantly promoted the migration of neuroblasts from the SVZ to the damaged barrel cortex. We also found increased maturation of new neurons that reached the ischemic penumbra region in whisker stimulation group 30 days after stroke. Our results suggest that appropriately increased peripheral activity and afferent signals to the ischemic cortex can recruit more endogenous neural stem cells to migrate to injured region and differentiate into mature neurons, which may imply beneficial effects of specific physical therapy on long-term recovery from ischemic stroke.
CXCR4 is the receptor for the CXC chemokine family member SDF-1 (Matthys et al., 2001) . SDF-1/ CXCR4 signaling has been shown to play a major role in directing the migration of neural stem cells to lesioned sites (Imitola et al., 2004) . Neural progenitor cells, derived from adult rat SVZ and cultured in vitro, expressed the CXCR4 receptor and migrated toward a gradient signal of SDF-1 (Sun et al., 2004) . SDF-1 protein expression is clearly upregulated in the periphery of the damaged striatal area within 24 h after 2-h MCA occlusion (Miller et al., 2005; Thored et al., 2006) . Blocking SDF-1 by a neutralizing antibody against CXCR4 significantly attenuated strokeenhanced cell migration (Ohab et al., 2006; Robin et al., 2006) . Our study reports the novel observation that peripheral stimulation after stroke enhances the SDF-1/CXCR4 signaling pathway and migration of SVZ-derived neuroblasts toward the damaged cortex. In addition, SDF-1/CXCR4 signaling plays important roles in angiogenesis, which has a close relationship with neuroblast migration and neurogenesis. A recent study demonstrates that the SDF-1/CXCR4 signaling axis induce angiogenesis by increasing expression of VEGF through the activation of PI3K/Akt pathway (Liang et al., 2007) . This is consistent with our observations that SDF-1 expression is detected in vascular endothelial cells and whisker stimulation increases VEGF expression and angiogenesis.
VEGF is an angiogenic factor and exerts biologic functions through two closely related receptor tyro- sine kinases VEGFR1 (flt-1) and VEGFR2 (flk-1). Most of the VEGF properties are mediated by its interaction with VEGFR2 (Waltenberger et al., 1994) . VEGF/VEGFR2 has been shown to be essential for endothelial cell proliferation and formation of new microvessels (Breier et al., 1992) . Very recent studies have shown that neuroblasts need the blood vessels to act as a scaffold to migrate to injured regions (Ohab et al., 2006; Thored et al., 2007) . In addition to its role in inducing angiogenesis, VEGF also stimulates neurogenesis and axonal outgrowth and promotes the growth and survival of neurons Wang et al., 2007) . VEGF is an attractive guidance cue for the migration of undifferentiated neural progenitors through VEGFR2 signal pathway (Zhang et al., 2003) . We have found that whisker stimulation can increase VEGF expression, angiogenesis, and the restoration of local cerebral blood flow (Wei et al., 2005; Whitaker et al., 2007) . The increase in VEGF gene expression inspected using Western blot was relatively moderate, and we assume that multiple gene regulations contribute to the observed neurogenesis and cell migration. It is expected that more intensive whisker stimulation should induce more elevated VEGF expression. We also report for the first time that VEGFR2 was specifically expressed in migrating neuroblasts, which provides the molecular basis for responding to increased VEGF upon peripheral stimulation. Likewise, BDNF regulates neuronal survival, cell migration, and synaptic function (Aguado et al., 2003; Gorski et al., 2003) , which also have a trend of upregulation by whisker stimulation.
In summary, peripheral whisker activities may optimize the microenvironment of the barrel cortex by upregulating different factors to recruit more endogenous neural stem cells from SVZ, as well as create a more favorable microenvironment for cells survival, differentiation, and guided neural network connections, which benefit the tissues repair and function recovery after ischemia. Further studies should be done to explore the molecular and cellular mechanisms involved in the regulation of neurovascular plasticity by peripheral stimulation or physical therapy, which may lead to the development of more specific and efficient therapeutic approaches for stroke patients. 
